I Introduction
The application of control theory to hydrodynamic problems now appears to be promising. This may lead to new and significant performance gains. This is becoming possible because we now have a better knowledge of unsteady vortex hydrodynamics (Fig. 1 ). This stage has been reached via decades of research. They can be termed as successive periods of focus on steady state hydrodynamics, statistically averaged unsteady hydrodynamics, quasi-deterministic and deterministic hydrodynamics. The realization of the existence of strong identifiable large or small-scale vortex-based hydrodynamics, inherently responsible for the production of forces and moments, has been a crucial development. The successful use of such mechanisms defines the characteristics of many aquatic animals. This also provides a foundation to recent exploration of large-scale active control of underwater bodies. The further realization that, within the seeming randomness of boundary-layer turbulence, actually there are deterministic mechanisms in play although they appear obscured by noise, has opened the door to ideas of small scale control of boundary layer turbulence. In sections 2 and 3, respectively, we will provide examples of progress made along these two approaches to hydrodynamic control. This summary is limited to the author's experience.
Theoretical Control of Maneuvering of BiologicallyInspired Small Bodies Under Surface Waves
The littoral region of oceans is highly disturbed due to the presence of surface waves, a sea floor, cross-currents and submerged obstacles. Much can be learned about maneuvering in such environment by studying the fin motions of fish. After studying the fin morphology of many species of fish, classified as slow but highly maneuverable, fast but poorly maneuverable, and an overlapping class, namely fast yet highly maneuverable, it was found that all species endowed with maneuverability have a well defined fin morphology (Ref. flapping frequency, A is maximum tail displacement and U is speed of fish) squarely at the center of the debate on the propulsive capability of a fish. Dynamic force measurements due to flapping foils attached to a rigid cylinder indicate that the levels of instantaneous and time averaged forces on the cylinder can be 100 and 50 times of the steady state drag levels, respectively (Ref. 5 ) . These results suggest that the dynamic flapping motions utilized by aquatic animals have an intrinsic amenability to active control -a feature that is not currently utilized in current underwater vehicles. For example, a system of discrete vortices can be produced on a main body by means of several dynamic control surfaces, and then their phase relationships can be tuned to produce a desired precision maneuvering. In the following, an example of such a control of maneuvering of a small cylinder that is in motion near surface waves is described.
Problem:
A control system is being designed for low-speed maneuvering of small undersea vehicles using dorsal-and caudal-like fins (Fig. 2) . The details are given in Ref. 7 . A hydrodynamic control scheme is developed so that the vehicle tracks a precise depth versus time trajectory. It is assumed that the hydrodynamic parameters of the vehicle are imprecisely known and surface waveinduced forces are constantly acting on the vehicle.
Although the design approach can be extended to yaw control, in this study, only control in the dive plane is considered. Using the dorsal fin, a normal force is produced for depth control and flapping foils produce pitching moment for pitch angle regulation. For simplicity, it is assumed that the vehicle is equipped with a control mechanism that causes the vehicle to move forward with a uniform velocity. For the depth trajectory control, an adaptive sliding mode control law is designed for the continuous cambering of the dorsal fins in the presence of sea waves. The sliding mode control law is nonlinear and discontinuous in the state space and has an excellent insensitivity property with respect to disturbances and parameter variations. 
Methodologv:
The heave and pitch equations of motion are described by coupled nonlinear differential equations. The closed loop system is shown schematically in Fig. 3 .
Results:
The experimental vehicle data from Ref. 6 was used to canyout a SIMULINK simulation. A typical result of depth tracking is shown in Fig. 4 . 
Control of Boundary-Layer Turbulence
The mechanism of turbulence production in a turbulent boundary layer developing on a vehicle skin is only partly deterministic. They have a wide standard of deviation in spatial and temporal scales and in their place of occurrence. Due to this reason, an instantaneous or individual vortex based control, as in the previous example, is a nightmare. It is more so at high Reynolds number where the scales become smaller and they abound in number. In the following, an example of a closed-loop control is given. This is followed by open loop approaches, which perhaps has a greater potential for success.
Problem:
The control of saltwater turbulence using electromagnetic actuators is considered. First, the theoretical closed-loop control of (uncoupled) perturbations is considered. Then, the progress made in the development of actuators is considered. Next, a physical hydrodynamic model is presented for open loop control to achieve suppression of drag and turbulence. Finally, an open-loop MEMS actuator is presented for suppression of wallpressure fluctuations
Theoretical Linear Feedback Control Using Electromagnetic Actuators
The feasibility of a closed-loop control of the fluctuations in a two-dimensional turbulent boundary layer is explored (Ref. 14).
Methodology:
The fluid medium is salt water. The actuator consists of small surface mounted magnets and electrodes, which produce a Lorenz force field. A system theory approach is taken. Mean and turbulence are assumed to be decoupled. Beginning with the two-dimensional Navier-Stokes equations of motion, a finite, dimensional, linear state variable, approximate model is obtained using Galerkin's procedure. Based on this model, linear feedback control laws are obtained to achieve stabilization of the perturbed flow to the base flow. Figure 6 shows the closedloop system, including the optimal controller (solid line) and the simple controller using wall-shear stress feedback (dotted line). 
f Methodofogv:
This is a kinematic model and is shorvn in Fig. 9 . The reduction ofdrag due to turbulence is under consideration. When the normal streamwise vortices ( CL), ) are reoriented along span. say via spanwise oscillation as in a Stokes layer, drag is reduced as per the kinematic sinusoidal relationship given in Fig. 9 . 
3 . 2 Results:
The visualization of Choi et al.'s drag reduction experiment was examined €or evidence of the vorticity reorientation model in Fig. 9 . An example is shown in Fig. 10 . It has been shown in Ref. 1 that Stokes waves are formed in a normal turbulent boundary layer when the near wall fluid is sloshed along span. These Stokes waves are skewed normal to the wall and are attenuated compared to those in a classical no-mean-flow laminar environment. This model leads to a remarkable agreement with measurements (Fig.  I 1 ) . The vorticity reorientation model in Fig. 9 is a recent development and an actuator that can produce the spanwise near wall sloshing, given in Fig. 1 I is being built. 
Results:
The details are given in Ref 10. In an exploratory experiment at high Reynolds number, in the passive mode, a marginal reduction in the wall-pressure spectrum was achieved even after an averaging of 500 realizations. Work is continuing on simulation and optimization.
Conclusions
In hydrodynamics, the realization that discrete deterministic or quasi-deterministic vortex shedding is involved in many practical flows in what previously was thought to be random, has given an impetus to the application of active control methodologies to unsteady hydrodynamics. New applications in maneuverability and turbulence control are being explored now which were not feasible before. Some of the developments in actuator technologies, namely biomimetics, MEMS and micro-electromagnetics have been summarized. Several laboratory and simulation results have been given which demonstrate the challenges and potential.
